Symptoms of atopic asthma often disappear at puberty. However, asthmatic subjects in clinical remission will frequently have a relapse later in life. The aim of this study was to investigate whether subjects in clinical remission of atopic asthma have persistent airway inflammation and/or airway remodeling. Bronchial biopsies were obtained from subjects in clinical remission, asthmatic subjects, and healthy control subjects. The presence and/or activation state of eosinophils, mast cells, macrophages, T lymphocytes, interleukin (IL)-5, eotaxin, and inducible nitric oxide synthase (iNOS) were analyzed. Results were compared with less invasive indicators of airway inflammation. Also aspects of airway remodeling were determined. Eosinophils, T cells, mast cells, and IL-5 were significantly elevated in the airway mucosa of subjects in remission compared with control subjects. Also, blood eosinophil cell counts were significantly higher in subjects in clinical remission. Blood eosinophil cell counts, exhaled nitric oxide (eNO) levels, and bronchial response to adenosine-5 Ј -monophosphate correlated significantly with the quantity of tissue eosinophils. Significant airway remodeling was found in subjects in clinical remission. Our study has shown ongoing airway inflammation and airway remodeling in adolescents in clinical remission of atopic asthma. Subclinical airway inflammation may well determine the risk of an asthma relapse later in life.
Symptoms of atopic asthma often begin in early childhood and mostly improve or even seem to disappear at puberty (1, 2) . However, a considerable proportion of asthmatic subjects in clinical remission will have a relapse later in life (1) . Several studies have shown spirometric abnormalities and bronchial hyperresponsiveness (BHR) to methacholine (MCh) or cold air challenge during clinical remission of asthma (3, 4) . It is unknown whether these functional abnormalities, which are supposed to be indicative of asthma severity with respect to symptomatic asthma, reflect persistent activity of the airways inflammatory process or merely indicate structural changes of the airways as a consequence of childhood asthma. These structural changes, known as airway remodeling, are probably early events in the course of the disease that appear to progress. The process of remodeling leads to thickening of the airway wall (5-7). The exact physiologic consequences of airway wall thickening are, however, incompletely understood (8) . If airway wall thickening is present in subjects in clinical remission of asthma, it could at least in part account for the functional abnormalities including bronchial hyperresponsiveness, found during remission. On the other hand, ongoing active airway inflammation could have substantial impact on the risk of a relapse later in life. As a consequence, subjects with subclinical airway inflammation could benefit from anti-inflammatory treatment (8) (9) (10) . Recently, we demonstrated elevated exhaled nitric oxide (eNO) levels and BHR to both MCh and adenosine-5 Ј -monophosphate (AMP) during clinical remission of atopic asthma (11) . With respect to eNO, increased expression of the inducible form of nitric oxide synthase (iNOS) is thought to underlie these elevated eNO levels (12, 13) . Studies regarding the precise relationship between iNOS expression and eNO are, however, scarce (12) .
Proof of persistent airway inflammation and remodeling during clinical remission could be furnished from the analysis of bronchial biopsy specimens. Evidence has been accumulated to suggest that allergen-reactive type 2 T helper (Th2) cells, with eosinophils and mast cells as main effector cells, orchestrate asthmatic airway inflammation (14, 15) . The presence of eosinophils in the airway wall is apparently the most reliable feature of bronchial asthma that seems to be related to asthma severity (16) . Along with interleukin (IL)-5, a Th2 cytokine, and eotaxin, a chemoattractant for eosinophils, eosinophil-derived products such as major basic protein (MBP) have been investigated as markers of eosinophil participation in the pathogenesis of asthma (17) . Also, elevated numbers of bronchial mast cells have been found in the airway mucosa of atopic and nonatopic asthmatic subjects (18, 19) . Release of mediators from mast cells such as granule-associated tryptase and chymase leads to immediate bronchoconstriction and enhances airway inflammation (19) .
In healthy airways, the inflammatory response to such as inhaled allergens is suppressed by alveolar macrophages. In asthma, however, a deviant function of alveolar macrophages may contribute to the allergic immune response in the airways (20) .
How numbers and activation state of these different cell types in the bronchial mucosa relate to less invasive markers of airway inflammation, including BHR, circulating eosinophils, and eNO, is largely unclear (21) (22) (23) .
Remodeling of the airway mucosa and submucosa can be assessed by measurement of the reticular basement membrane (RBM) thickness (24) and extent of epithelial shedding (25) . Also, collagen deposition (26) is a quantifiable aspect of airway remodeling.
To establish whether subjects in clinical remission of atopic asthma suffer from ongoing active airway inflammation and/or airway remodeling, we compared bronchial biopsy specimens of subjects with a long-standing clinical remission of atopic asthma with those of currently asthmatic subjects and of healthy control subjects. Biopsy findings were compared with noninvasive markers of airway disease.
Methods

Subjects
Adolescents 18 to 25 yr of age with atopic asthma were selected from the Sophia Children's Hospital discharged patients files. Clinical remission of atopic asthma was defined as reported complete absence of asthmatic symptoms in subjects not taking any asthma medication for at least 12 mo prior to the study. Eligible subjects were compared with patients with asthma who had persistent symptoms and used inhaled ␤ 2 -agonists on demand in order to relieve symptoms. Atopic asthma was previously diagnosed in all subjects according to ATS criteria (27) . All subjects were lifelong nonsmokers in stable clinical condition and did not take inhaled steroids or antiallergic medication. Healthy nonsmoking adult volunteers without a history of asthma served as controls.
The study was approved by the Medical Ethics Committee of the Erasmus Medical Center Rotterdam.
Study Design
We performed a cross-sectional study with three visits on separate days. Spirometry values, eNO, MCh, and AMP responsiveness were obtained according to methods we described previously (11) .
Blood Eosinophils
Venous blood eosinophil numbers were counted by means of hemocytometry. Reference values ranged from 0.04 to 0.1 ϫ 10 9 cells/L.
Bronchoscopy
An experienced bronchoscopist (SEO) using an Olympus model BF IT 10 (Olympus, Tokyo, Japan) performed flexible bronchoscopy. At least five bronchial biopsies were obtained from segmental divisions of the main bronchi.
Processing of Bronchial Biopsies
Bronchial biopsies were embedded in Tissue-Tek II OCT medium (Miles, Naperville, IL), snap-frozen in liquid nitrogen, and stored at Binding of the antibodies was detected by the immunoalkaline phosphatase antialkaline phosphatase (APAAP) method. Immunostained sections were analyzed with an image analysis system (Quantimed, Leica, Rijswijk, The Netherlands). With respect to the subepithelium, the program was set to analyze 100 m below the reticular basement membrane (RBM). The ratio of positive stained area divided by the total area analyzed was taken as measure for each immunohistochemical staining. RBM thickness was interactively measured at 20-m intervals over a 1-mm RBM length (24) . The occupancy of RBM with epithelium was plotted as ratio of occupied membrane length divided by the total membrane length.
Statistical Analysis
Because of the skewed distribution of data, results are expressed as median values Ϯ SEM. Comparisons between groups were made by the Mann-Whitney test for unpaired samples. Correlation between different indices was made by Spearman's rank correlation test. A two-tailed p value of equal to or less than 0.05 was considered significant. Data were analyzed using Statistical Package for the Social Science (SPSS, Chicago, IL USA).
RESULTS
Fifty-four subjects completed the study (19 subjects with atopic asthma, 18 subjects in clinical remission of atopic asthma, and 17 healthy control subjects). Subjects' characteristics are summarized in Table 1 . The median duration of clinical remission was 5 yr. Immunohistochemistry results are summarized in Table 2 .
In both epithelium and subepithelium of airway mucosa specimens, MBP density was significantly greater in subjects in remission than in healthy control subjects (p Ͻ 0.001 and p ϭ 0.001, respectively) ( Figures 1 and 2 ). In bronchial epithelium of subjects in remission, there was more tryptase present than in that of healthy control subjects (p ϭ 0.001). In subepithelium, however, there was more tryptase detectable in subjects in remission than in control subjects and in patients with asthma (p ϭ 0.008 and p ϭ 0.025, respectively) ( Figures 3 and  4) . Chymase density was greater in bronchial epithelium and subepithelium of subjects in remission than in that of healthy control subjects (p ϭ 0.044 and p ϭ 0.05, respectively).
There was no difference detectable in the presence of CD4 ϩ and CD8 ϩ cells in both epithelium and subepithelium between the experimental groups. However, there were more activated CD25 ϩ cells present in the subepithelium of subjects in remission when compared with control subjects (p ϭ 0.04). No such difference was detected for CD69. CD68
ϩ cells were equally represented in subepithelium and epithelium in all three experimental groups.
In subepithelium, IL-5 density was significantly greater in subjects in remission than in healthy control subjects (p ϭ 0.006). Eotaxin density was significantly greater in patients with asthma than in healthy control subjects (p ϭ 0.05), whereas intermediate levels were detected in subjects in remission. In the epithelium, densities of IL-5 and eotaxin were similar in all three groups. Density of iNOS was significantly greater in subepithelium of healthy subjects than in that of subjects in remission (p ϭ 0.05). In the epithelium, iNOS density was greater in healthy subjects than in asthmatic subjects (p ϭ 0.05). No difference in iNOS density could be detected between healthy control subjects and subjects in clinical remission.
With respect to indices of remodeling, RBM thickness differed significantly between subjects in remission and control subjects (10.9 Ϯ 1.3 and 7.9 Ϯ 1.0 m, respectively; p Ͻ 0.001). Current asthmatic subjects showed a median thickness of 11.5 Ϯ 1.5 m ( Figure 5, top panel ) . Furthermore, in subjects in remission the RBM occupancy with epithelium differed significantly from values obtained from control subjects (ratio: 0.67 and 0.83, respectively; p Ͻ 0.003), and from values from current asthmatic subjects (median ratio: 0.50, p Ͻ 0.03) ( Figure 5 , bottom panel ). Collagen type III density in biopsy specimens was not significantly different between the groups.
In peripheral blood, the number of eosinophils was significantly elevated in subjects in remission when compared with control subjects (0.22 Ϯ 0.17 ϫ 10 In subjects in remission and those with asthma, a significant positive correlation was found between blood eosinophil cell counts and MBP density in both bronchial epithelium and subepithelium (r ϭ 0.41, p ϭ 0.017 and r ϭ 0.45, p ϭ 0.009, respectively) (Figure 7, top panel ) . A similar correlation was observed for eNO values (11) and MBP density in bronchial epithelium and subepithelium of subjects in remission and patients with asthma (r ϭ 0.40, p ϭ 0.022 and r ϭ 0.35, p ϭ 0.043, respectively) ( Figure 7 , bottom panel ). PD 20 AMP values correlated inversely with MBP density in subepithelium of subjects in remission and subjects with asthma (r ϭ Ϫ 0.37, p ϭ 0.032). In contrast, no significant correlation could be found between PD 20 MCh values and MBP density in bronchial biopsy specimens. In subjects in remission and those with asthma, thickness of the RBM correlated with PD 20 AMP (r ϭ 0.47, p ϭ 0.038), whereas the relationship with PD 20 MCh was not significant (r ϭ 0.36, p ϭ 0.1).
DISCUSSION
In this study we demonstrated the presence of an ongoing active inflammatory process in the airways during long-lasting clinical remission of atopic asthma, as reflected by significantly increased levels of MBP, tryptase, chymase, CD25, and IL-5 in bronchial epithelium and/or subepithelium. In addition, eosinophil cell counts in blood samples were significantly elevated during clinical remission compared with those in healthy control subjects. Less invasive indicators of airway inflammation such as blood eosinophils, eNO, and PD 20 AMP showed a significant correlation with MBP density in biopsy specimens from subjects in remission and patients with asthma. We also found evidence of airway remodeling during clinical remission. There was a significant correlation between RBM thickness and bronchial hyperresponsiveness to AMP.
Airway inflammation has been demonstrated in subjects with symptomatic asthma (28, 29) . However, studies regarding the presence of inflammation in bronchial biopsy specimens from prolonged symptom-free subjects with a history of atopic asthma are lacking. Therefore, we applied a strict definition of clinical remission, where subjects were regarded in clinical remission if they reported complete absence of cough, chest discomfort, or breathlessness for at least 1 yr preceding the study, and did not use any medication in order to control asthma symptoms. In our study population, the median duration of remission was 5 yr with only one subject who had been in remission for just 1 yr. Not withstanding these strict inclusion criteria, we are the first to show direct evidence of substantial active airway inflammation, suggesting persistent disease in these otherwise asymptomatic subjects.
Increased numbers of eosinophils, one of the most important effector cells in atopic asthma, have been demonstrated in the bronchial mucosa of patients with asthma (17) . We present similar findings in the bronchial mucosa of subjects in clinical remission. Also, elevated levels of tryptase-and chymase, constituents and markers of mast cells, were detected in the bronchial mucosa of subjects in remission compared with those of healthy control subjects. On the other hand, we found reduced tryptase density in the airway wall mucosa of subjects with asthma as compared with subjects in remission. This is suggestive of enhanced degranulation of mast cells in patients with asthma compared with subjects in clinical remission. Upon de- granulation, mediators are diluted out into the tissue environment and rapidly degraded (30) . In the airway mucosa, there was no significant difference between the groups with respect to the presence of T cells. In previous studies, elevated T-cell numbers were found in the airway mucosa, even in patients in whom asthma was newly numbers of T cells in bronchial mucosa specimens (32, 33) , or just an increase in activated T-cell numbers (34, 35) . We found elevated levels of CD25 expression in bronchial subepithelium of subjects in remission compared with healthy subjects, which was not demonstrated in patients with asthma. The number of CD69 ϩ cells was not elevated. In our study, patients with asthma were in stable phase of disease and by definition the subjects in remission were without clinical symptoms all together. Therefore, disease activity should be regarded low in both groups. This may explain the absence of significantly elevated density of T-cells. However, we did find increased levels of activated cells, albeit not with an early marker of activation.
We found similar CD68 levels in all three groups. This may indicate that total macrophage numbers are relatively unimportant for asthma, and that a transformed and activated subset of these cells may be responsible for disease activity (20) .
The relationship between markers of inflammation in bronchial biopsy specimens and other indices that presumably reflect distinct aspects of the inflammatory process, including peripheral blood eosinophils, eNO and the degree of BHR to various inhaled stimuli, is controversial. It has been proposed that determination of numbers of eosinophils in peripheral blood may help to indicate the level of airway inflammation (21) . In the present study, blood eosinophil numbers correlated significantly with airway mucosal MBP density. Therefore, blood eosinophil cell numbers might serve as an indicator of eosinophilic airway inflammation in otherwise symptom-free subjects with a history of atopic asthma.
A relationship between elevated cell numbers and/or cell activity in bronchial biopsy specimens and BHR has been demonstrated in some other studies (23, 36) . Especially BHR with AMP as the inhaled stimulus has been proposed as a useful marker reflecting at least part of the inflammatory process in asthma (37) . We found a significant correlation between PD 20 AMP and MBP density in the airway wall mucosa in patients with current asthma and subjects in clinical remission of asthma. However, such a correlation could not be established between PD 20 MCh values and MBP density in the airway mucosa. This is in agreement with other reports where MCh responsiveness appeared to be unrelated to indices of inflammation determined in bronchial biopsy specimens, and more to structural changes of the airways (22, 38) . Previously, we reported that levels of eNO were significantly correlated with PD 20 AMP, but not with PD 20 MCh (11) . This is in agreement with finding that both PD 20 AMP and eNO are related to the activity of cells known to play a role in the inflammatory process in asthma. In contrast, MCh acts directly on smooth muscle (SM) cells in the airway walls. Therefore, the response to MCh potentially reflects the structural changes found in asthma (39) . This is supported by the fact that bronchial hyperreactivity to MCh may exist independently of active airway inflammation (40) . The fact the MCh acts directly on SM cells may explain the absence of a correlation between BHR to MCh and RBM thickness. On the other hand, the positive correlation between BHR to AMP and RBM thickness may be explained by the presumed contribution of inflammatory mediators to the process of RBM remodeling.
Although epithelial desquamation may be an artifact of tissue sampling and not a true pathologic feature of the disease (41), we were able to demonstrate that the denudation of the RBM is much more progressive in patients with asthma than in subjects in remission. In subjects in remission, denudation is more pronounced than in healthy control subjects. We hypothesize that the severity of airway disease determines the susceptibility of the epithelium for physical stress. Hence, the differences we observed between the groups may be a reflection of the overall integrity of bronchial epithelium in the asthmatic bronchus compared with the bronchus of subjects in remission and with that of healthy control subjects.
Exhaled NO levels have already been shown to correlate with blood and sputum eosinophilia in atopic children and adults with mild-intermittent asthma (42) (43) (44) . Our study is the first to show a significant correlation between eNO levels and airway eosinophilia, as reflected by MBP density in the airway mucosa. Recently, eNO levels were reported not to correlate with mucosal eosinophils (45) . This difference may be explained by methodological factors, which include patient selection and numbers. Surprisingly, we found enhanced iNOS density in the airway wall mucosa from healthy control subjects compared with asthmatics and subjects in remission. This is not in agreement with the hypothesis of increased expression of iNOS in airway epithelium as the cause of elevated eNO (12, 46) . We speculate that iNOS unrelated mechanisms, including enhanced diffusion of NO through damaged epithelium, or iNOS independent NO generation under conditions of airway acidity (47) may explain this finding in subjects with airways inflammation. Furthermore, other isoforms of NOS could account for elevated NO production. After an increase in NO, a negative feedback mechanism might result in lower iNOS levels in the airway mucosa from asthmatic subjects.
In conclusion, our study has shown ongoing airway inflammation and airway remodeling in adolescents in clinical remission of atopic asthma. We speculate that subclinical airway inflammation may well determine the risk of asthma relapse later in life. Furthermore, we hypothesize that subjects with evidence of airway inflammation during remission could possibly benefit from anti-inflammatory treatment in the shortand/or long-term. We propose that blood eosinophils, eNO and airway responsiveness to AMP, each reflecting distinct parts of the inflammatory process, may be useful in the long-term monitoring of asthmatic airway inflammation. 
